


PWA FR-1595 
30 SEPT 1965 

INVESTIGATION OF EFFECT OF HYDROGEN 

CENTAUR RETROMANEUVERAND 
THE SURVEYOR PAYLOAD 

s?.!.p/ I A . ~ ~ I - l M ~ l - l ~ , A . ~ l ~ l \ l  . w . m  n 1 \ l  w1- TUE 

Contract NAS8-5623 

Prepared  by: 

C .  F. S t a l e y  
A s s i s t a n t  P r o j e c t  Eng inee r  

Approved by: gnu 
J. B. Roets  
S r  . P r o j e c t  Engineer  

!d in the United States of America 

~ ~~ 



Pratt & Whitney aircraft 
PWA FR-1595 

FOREWORD 

T h i s  r e p o r t  i s  submi t t ed  i n  compliance w i t h  Change Order 18 o f  

C o n t r a c t  NAS8-5623. 

ii 



I ’  Pratt & Whitney Flircraft 
PWA FR-1595 

CONCENTS 

S ECTI ON PAGE 

ILLUSTRATIONS... ..................................... iv 

I 

ABSTRACT. ............................................ V 

I~RODUCTION I- 1 ......................................... 
............................... I1 TECHNICAL DISCUSSION.. II- 1 

A. General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  II- 1 
B. Test Stand 11-4 
C. Engine Configuration 11-4 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
............................. 

I11 ANALYSIS OF RESULTS. ................................. 111-1 

IV CONCLUSIONS AND RECOMMENDATIONS.. . . . . . . . . . . . . . . . . . . . .  IV- 1 

iii 



I I '  

FIGURE 

11- 1 

11-2 

11 -3  

11-4 

11- 5 

111- 1 

111-2 

111-3 

111-4 

111-5 

I V -  1 

I V -  2 

Pratt & Whltney Qircraft 
PWA FR- 1.595 

ILLUSTRATIONS 

PAGE 

Discha rge  Valve Vent Tube R a d i a t i o n  S h i e l d  
C o n s t r u c t i o n .  ......................................... 
I n s t r u m e n t a c i o n  f o r  c a i i b r a c i o n  of GE/C Vent 
Tubes.  ................................................ 
GD/C I n s u l a t e d  Discharge Vent Tube. . . . . . . . . . . . . . . . . . . .  
I n t e r s t a g e  Valve Vent Tube w i t h  T e f l o n - F i l l e d  
I n t e r i o r  I n s u l a t i o n .  .................................. 
Engine FX-145 w i t h  R a d i a t i o n  S h i e l d e d  Vent Tubes , ,  .... 
I n t e r s t a g e  Valve Vent Tube Showing 80% Blockage a t  

Hydrogen Vent Tube Ou t s ide  Wall Temperatures  . . . . . . . . . .  
I n t e r s t a g e  Valve Vent Tube P r e s s u r e  and Temperature 
v s  A x i a l  Length ....................................... 
V a r i a t i o n  o f  Discharge P r e s s u r e  w i t h  I n l e t  P r e s s u r e . , .  

Vent Tube P r e s s u r e  V a r i a t i o n  Due t o  Snow Forma t ion . . , .  

Es t ima ted  Vent Tube P res su re  as a Func t ion  o f  Fue l  
Pump I n l e t  P r e s s u r e  and Discharge Valve Vent A r e a . , , , .  ' 

Es t ima ted  Vent Tube P res su re  as a Func t ion  o f  F u e l  

a F u e l  Pump I n l e t  P r e s s u r e  o f  15 p s i a  . . . . . . . . . . . . . . . . .  

Pump I n l e t  P r e s s u r e  and I n t e r s t a g e  Valve Vent Area, ... 

11-2 

11 -3  

11-6 

11- 7 
11- 8 

111-2 

111-3 

111-4 
111-8 

111- 9 

' ' ' IV-  3 

I V - 4  

i v  



Pratt 4% Whltney Rlrcraft 
PWA FR-1595 

ABSTRACT 

A t e s t  program was conducted t o  de te rmine  i f  s o l i d  hydrogen would 

form, adhe re  t o  t h e  walls, and b lock  t h e  RLlO i n t e r s t a g e  and d i s c h a r g e  

v a l v e  v e n t  d u c t s  d u r i n g  t h e  Centaur  Retromaneuver.  The r e s u l t s  o f  t h i s  

program have  shown t h a t  s o l i d  hydrogen does form i n  the d u c t s  and adhe res  

t o  t h e  i n t e r i o r  s u r f a c e  o f  t h e  v e n t  t u b e ,  i n t e r m i t t e n t l y . b u i 1 d i n g  up and 

b r e a k i n g  o f f  i n t o  t h e  stream. A t  f u e l  pump i n l e t  p r e s s u r e s  o f  15 psia,  

approx ima te ly  80% o f  t h e  i n t e r s t a g e  ven t  t ube  e x i t  area was choked by 

s o l i d  hydrogen,  The fo rma t ion  o f  t he  s o l i d  hydrogen and p a r t i a l  blockage 

o f  t h e  ven t  t u b e s  w i l l  a f f e c t  bo th  t h e  v e c t o r  and t h e  r e t r o t h r u s t  l e v e l .  

A d d i t i o n a l  t e s t s  shou ld  be conducted  t o  e v a l u a t e  v a r i o u s  m o d i f i c a t i o n s  

t h a t  can  be i n c o r p o r a t e d  i n t o  t h e  v e h i c l e  o r  eng ine  t o  e i t h e r  p r e v e n t  

t h e  fo rma t ion  o f  s o l i d  hydrogen,  o r  make i t s  e f f e c t  on t h e  re t romaneuver  

n e g l i g i b l e ,  These m o d i f i c a t i o n s  should i n c l u d e :  

1. An o r i f i c e  a t  t h e  e x i t  p l a n e  o f  t h e  v e n t  t u b e  t o  m a i n t a i n  

t h e  p r e s s u r e  i n  t h e  t u b e  above t h e  t r i p l e  l i n e  o f  hydrogen 

2 .  A he l ium purge  t o  p r o v i d e  a boundary l a y e r  between t h e  

hydrogen f low stream and t h e  t u b e  w a l l  

3 .  A p p l i c a t i o n  o f  h e a t  t o  r a i s e  t h e  tube  w a l l  t empera tu re  t o  

a degree  where s o l i d  hydrogen would n o t  adhe re  

4 .  Use o f  a l a r g e r  d i ame te r  vent  t u b e  t o  i n c r e a s e  t h e  q u a n t i t y  

of t h e  s o l i d  hydrogen bui ldup r e q u i r e d  f o r  s i g n i f i c a n t  

b lockage ,  t h e r e b y  i n c r e a s i n g  t h e  bending stress and t h e  

l i k e l i h o o d  o f  t h e  fo rma t ions  b reak ing  away i n t o  t h e  stream. 

V 
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SECTION I 
INTRODUCTION 

The Centaur  v e h i c l e  uses hydrogen f u e l  t a n k  r e s i d u a l s  exhaus t ed  th rough  

v e h i c l e  overboard  v e n t  t u b e s  on t h e  i n t e r s t a g e  and d i s c h a r g e  cooldown v a l v e s  

anti oxygen tank  r e s i d u a i s  exhaus t ed  through t h e  p r o p e l l a n t  i n j e c t o r  t o  pro-  

v i d e  r e t r o t h r u s t  t o  a c c e l e r a t e  t h e  boos te r  away from t h e  Surveyor  pay load  

a f t e r  i t  has  been s e p a r a t e d  from t h e  Centaur  v e h i c l e ,  A t es t  program was 

implemented t o  de t e rmine  t h e  fo l lowing ,  

1. A s c e r t a i n  i f  s o l i d  hydrogen (snow) would form i n  t h e  i n t e r -  

s t a g e  and d i s c h a r g e  cooldown v a l v e  v e n t  t u b e s .  

2 .  A s c e r t a i n  t h a t  i f  hydrogen snow d i d  form, would i t  comple te ly  

b lock  t h e  t u b e ;  o r  i f  p a r t i a l l y  b locked ,  have  a n  e f f e c t  on 

t h e  f low ra te  and t h r u s t  v e c t o r ,  

3 .  Determine t h e  v e l o c i t y  and  e s t i m a t e  t h e  momentum o f  t h e  

hydrogen snow p a r t i c l e s .  

An e x p e r i m e n t a l  RLlOA-3CMI engine was mod i f i ed  f o r  t h e  Centaur  Re t ro -  

maneuver program by adding  t h e  v e h i c l e  i n t e r s t a g e  and d i s c h a r g e  cooldown 

v a l v e  overboard  ven t  d u c t s ,  

and t empera tu re  i n  f o u r  p l a n e s  a long  t h e  a x i a l  l e n g t h .  

s h i e l d  was i n c o r p o r a t e d  t o  p r e v e n t  r a d i a t i o n  t o  t h e  t u b e  from t h e  a l t i t u d e  

c a p s u l e  and t h e  eng ine .  Four s m a l l  b l eed  h o l e s  were added a t  t h e  i n l e t  

o f  each  t u b e  t o  p r o v i d e  a hydrogen boundary l a y e r  around t h e  o u t s i d e  o f  

t h e  t u b e  t o  f u r t h e r  reduce  t h e  t u b e  w a l l  h e a t  t r a n s f e r  t o  n e a r  p r e d i c t e d  

space  c o n d i t i o n s ,  High-speed motion p i c t u r e  cameras were mounted i n  t h e  

a l t i t u d e  c a p s u l e  t o  photograph  t h e  e x i t  o f  each  v e n t  t u b e  d u r i n g  t h e  

t e s t ,  

These d u c t s  were ins t rumen ted  f o r  p r e s s u r e  

A Mylar r a d i a t i o n  

Twelve eng ine  t e s t s  were conducted i n  E - 7  v e r t i c a l  t e s t  s t a n d ,  which 

i s  equ ipped  w i t h  a steam exhaus t  system c a p a b l e  o f  m a i n t a i n i n g  an eng ine  

env i ronmen ta l  c a p s u l e  p r e s s u r e  o f  0.1 t o  0 .6  p s i a  a t  t h e  p r e d i c t e d  hydrogen 

v e n t  f lows ,  I n c l u d e d  were s i x  t e s t s  u s i n g  t h e  r a d i a t i o n  s h i e l d e d ,  i n s t r u -  

mented v e n t  t u b e s ;  two t e s t s  w i t h  i n s u l a t e d  v e h i c l e  t u b e s ;  one t e s t  w i t h  an 

i n s u l a t e d  t u b e  c o a t e d  on t h e  I D  w i t h  T e f l o n - f i l l e d  Kel-F;  and t h r e e  t e s t s  

t o  de t e rmine  t h e  e f f e c t i v e  area o f  t he  v e n t  t u b e s .  

I- 1 
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The r e s u l t s  o f  t h e s e  t es t s  showed tha t  a t  f u e l  pump i n l e t  p r e s s u r e s  o f  

30 p s i a ,  hydrogen snow formed i n  t h e  f low stream, bu t  w a s  n o t  a t t a c h e d  

t o  t h e  t u b e .  A t  i n l e t  p ressures  o f  20 p s i a ,  t h e  snow was s e e n  i n t e r m i t t e n t l y  

b u i l d i n g  up and b reak ing  o f f  a t  the ven t  t u b e  e x i t .  A t  i n l e t  p ressures  o f  

10  p s i a  and below, snow w a s  observed t o  b u i l d  up i n s i d e  the v e n t  t u b e s ;  a t  

15 p s i a ,  up t o  80% o f  t h e  i n t e r s t a g e  v e n t  t u b e  area appea red  t o  be 

momentar i ly  blocked as t h e  s o l i d  hydrogen i n t e r m i t t e n t l y  b u i l t  up and broke 

o f f  i n t o  t h e  stream. There w a s  a h i g h e r  p e r c e n t a g e  b u i l d u p  i n  v e n t  t u b e s  

w i t h  the v e h i c l e  i n s u l a t i o n  t h a n  i n  t h e  v e n t  t u b e s  w i t h  t h e  Mylar r a d i a t i o n  

s h i e l d .  T e f l o n - f i l l e d  Kel -F  c o a t i n g  o f  t h e  i n t e r i o r  t ube  s u r f a c e  showed 

no s i g n i f i c a n t  e f f e c t  on t h e  ra te  of  snow bu i ldup  i n  t h e  t u b e .  

v e l o c i t y  o f  medium s i z e d  par t ic les  b reak ing  away from t h e  t u b e  e x i t  w a s  

c a l c u l a t e d  t o  be 101 mph, r e s u l t i n g  i n  a momentum o f  0.039 l b - f t / s e c .  

The 

A d e t a i l e d  d i s c u s s i o n  o f  t h e  t e s t  program and r e su l t s  are g i v e n  i n  

t h e  f o l l o w i n g  s e c t i o n s .  

1-2 
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SECTION I1 
TECHNICAL DISCUS SI ON 

A .  GENERAL 

The program t o  de t e rmine  the e f f e c t  o f  hydrogen snow accumula t ion  on 

t h e  Centaur  Retromaneuver and t h e  Surveyor pay load  w a s  i n i t i a t e d  on 

10  J u l y  1965. The a c q u i s i t i o n  o f  d a t a  w a s  i n  two c a t e g o r i e s ;  (1) high-  

speed motion p i c t u r e s  focused on t h e  e x i t  o f  each v e n t  t u b e ,  and (2) 

r e c o r d i n g  pressures arid t e m p e r a t u r e s  m t h e  t u b e .  

I n i t i a l l y ,  due t o  t h e  low p r e s s u r e  environment  (0 .1  t o  0 .6  p s i a ) ,  i t  

w a s  p r e d i c t e d  t h a t  t h e  major p o r t i o n  o f  t h e  h e a t  t r a n s f e r r e d  t o  t h e  tube  

would be through r a d i a t i o n  from the w a l l s  o f  t h e  a l t i t u d e  c a p s u l e  and from 

t h e  e n g i n e  components. Conduct ion of h e a t  t h rough  t h e  t u b e  connec t ions  

and c o n v e c t i o n  due t o  r e c i r c u l a t i o n  w a s  c o n s i d e r e d  t o  be n e g l i g i b l e  ( approx i -  

m a t e l y  0 . 1  B t u l s e c ) .  A r a d i a t i o n  s h i e l d  ( f i g u r e  11-1) w a s  c o n s t r u c t e d  

around t h e  v e n t  t u b e  by forming a cage o f  s o f t  aluminum w i r e  i n s u l a t e d  

from t h e  t u b e  by foam b locks  and wrapping t h i s  cage  w i t h  Mylar t a p e ,  

l e a v i n g  a 314 i n c h  space  between t h e  t u b e  and s h i e l d s .  

t h e  i n l e t  o f  t h e  t u b e  w a s  c l o s e d  o f f  so t h a t  t h e  space w a s  dead-ended t o  

p r e v e n t  any r e c i r c u l a t i o n .  The t u b e  w a s  d i v i d e d  i n t o  f o u r  p l a n e s  a x i a l l y  

( f i g u r e  11-2)  and each p l a n e  in s t rumen ted  f o r  p r e s s u r e  and t e m p e r a t u r e  t o  

d e t e r m i n e  t h e  t u b e  w a l l  h e a t  l e a k  and t h e  p l a n e  i n  which blockage o c c u r r e d  

by r e c o r d i n g  changes i n  a b s o l u t e  and d i f f e r e n t i a l  p r e s s u r e s .  Data from 
t h e  f i r s t  t e s t  t n d t c a t e d  t p ? ~  prcb lems;  (1) +i~hp_ wall hea.t leak w a s  

0 .8  B t u / s e c  which w a s  g r e a t e r  t h a n  p r e d i c t e d ,  and (2) motion p i c t u r e  

r e s o l u t i o n  a t  the s t a n d a r d  frame speed w a s  n o t  good enough t o  d e l i n e a t e  

the snow p a r t i c l e s  from t h e  g a s  s t ream. 

The s h i e l d  a t  

To r e d u c e  t h e  h e a t  i n p u t ,  f o u r  e q u a l l y  spaced  0.070-inch d i ame te r  

b l e e d  h o l e s  were d r i l l e d  i n  t h e  ven t  t u b e  a t  t h e  i n l e t .  These h o l e s  were 

l a t e r  i n c r e a s e d  t o  a d i a m e t e r  o f  0.140 i n c h .  The pu rpose  o f  t h e  b l eed  

h o l e s  was t o  p r o v i d e  f i l m  c o o l i n g  on the o u t s i d e  o f  t h e  t u b e .  

speed  w a s  i n c r e a s e d  from 400 t o  800 frames p e r  second t o  improve photo- 

g r a p h i c  r e s o l u t i o n .  

The camera 

11- 1 



Pratt & Whitney Flircraft 
PWA FR-1595 

F i g u r e  11-1. Discha rge  Valve Vent Tube R a d i a t i o n  FE 52825 
S h i e l d  C o n s t r u c t i o n  

1 1 - 2  
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Three Pressure 
Probe Manifold 

Stream Temperature 
Located Between 
Vent Tube and 
Insulation 

Plane 3 Pressure 

Stream Temperature 

Plane 1 Pressure 
Plane 4 Pressure 
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Skin Temperature 

Plane 1 Pressure :::::ui'> 0 
Exit Plane 
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Skin Temperature Discharge ~ - - - 
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F i g u r e  1 1 - 2 .  I n s t r u m e n t a t i o n  f o r  C a l i b r a t i o n  o f  
G D / C  Vent Tubes 
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Tests conducted w i t h  f u e l  pump i n l e t  p r e s s u r e s v a r i e d  between 30 and 

5 p s i a  r e s u l t e d  i n  i n l e t  c o n d i t i o n s  v a r y i n g  from l i q u i d  t o  two-phase flow. 

The i n t e r s t a g e  and d i s c h a r g e  cooldown v a l v e  v e n t  t u b e  e x i t  p r e s s u r e s  v a r i e d  

from 1.8 t o  0 . 2  p s i a  w i t h  v a r y i n g  i n l e t  p r e s s u r e s .  With t h e  i n c r e a s e d  

d i a m e t e r  b l eed  h o l e s  (0 .140-inch)  open, h e a t  l e a k  i n t o  t h e  t u b e s  w a s  re- 

duced t o  an a v e r a g e  o f  0.03 B t u l s e c .  The re  w a s  a n  i n t e r m i t t e n t  bu i ldup  

o f  snow as pump i n l e t  p r e s s u r e  was reduced from 30 t o  20 p s i a ,  and con- 

t i n u e d  t o  i n c r e a s e  a t  lower i n l e t  p r e s s u r e s .  These t es t s  were r e p e a t e d  

u s i n g  GD/C s u p p l i e d  v e h i c l e  v e n t  t u b e s  i n s u l a t e d  e x t e r n a l l y  ( f i g u r e  11-3) 

and a n  i n t e r s t a g e  v e n t  t u b e  h a v i n g  the  I D  c o a t e d  w i t h  an " a n t i - s t i c k "  

T e f l o n - f i l l e d  Kel-F ( f i g u r e  1 1 - 4 ) .  These t u b e s  were no t  i n s t r u m e n t e d  

but  motion p i c t u r e  a n a l y s i s  showed t h a t  t h e  t e s t  r e s u l t s  were t h e  same as 

w i t h  t h e  i n s t r u m e n t e d  t u b e s .  

Three  tests w e r e  conducted flowing the v e n t  d u c t s  i n d i v i d u a l l y  w i th  

g a s e o u s ,  mixed p h a s e ,  and l i q u i d  p r o p e l l a n t s  t o  de t e rmine  e f f e c t i v e  areas 

t o  be used f o r  t h r u s t  c a l c u l a t i o n s .  Tab le  11-1 i s  a summary o f  a l l  t es t s  

conduc ted .  

B. TEST STAND 

Tes t  s t a n d  E-7  w a s  used f o r  a l l t e s t s .  T h i s  t e s t  s t a n d  i s  equipped 

w i t h  a steam d r i v e n  exhaus t  system capab le  o f  m a i n t a i n i n g  a 0 .1  t o  0 . 6  

p s i a  n o z z l e  e x i t  p r e s s u r e  d u r i n g  a l l  p h a s e s  o f  e n g i n e  o p e r a t i o n .  

C .  ENGINE CONFIGURATION 

RLlOA-3CMl e x p e r i m e n t a l  e n g i n e  FX-145 was used f o r  t h e s e  t e s t s .  

Engine FX-145 was adap ted  f o r  t h e s e  tes ts  by add ing  t h e  i n t e r s t a g e  and 

d i s c h a r g e  cooldown v a l v e  v e n t s  shown i n  f i g u r e  11 -5 .  

11 -4  
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Tab le  11-1. Run Summary of  Centaur Retromaneuver Support  T e s t i n g  

Run 
Number 

143.01 

143.02 

143.03 

143 .04  

143 .05  

143.06 

143.07 

143.08 

143 .09  

143.10 

1 4 3 . 1 1  

143.12 

Engine FX- 145- 14 

C o n f i g u r a t i o n  

I n s t r u m e n t e d  d u c t s .  
Four  0.070- i n c h  
d i  ame t e r  b l e e d  ho  le  s 
a t  d u c t  i n l e t s .  

I n s t r u m e n t e d  d u c t ,  
b l e e d  h o l e s  capped. 

Same as 143.02.  

Same as 143.02. 

In s t rumen ted  d u c t s .  
0 .140- in .  d i a  b l e e d  
h o l e s .  

Same as above w i t h  

Fue l  Pump 
I n l e t  

Pre99”re , 
p s i a  

30-20 

20 

30-20 

30-20 

30-15 

20- 5 
immersion t e m p e r a t u r e  
p robes  removed. 

G D / C  d u c t s  - e x i t  
p r e s  s u r e  i n s t r u m e n t  a- 
t i o n  o n l y .  

Same as 143.07. 30-20 

Same as  143.07. 30-6 

S tanda rd  i n s u l a t e d  20- 5 

T e f l o n - c o a t e d  i n t e r -  20-10 
s t a g e  d i s c h a r g e  d u c t  
o n l y .  

Lox s i d e  i n s t r u m e n t e d  .:Lox 
w i t h  spec ia l  W V .  i n l e t  

40-27 

I n s t r u m e n t e d  d u c t s .  30- 10 

E-7 Stand 

I n l e t  
Phase 

L iqu id  

L i q u i d  

L i q u i d  

L i q u i d  

L i q u i d  

Phase 
t o  TWO- 

L i q u i d  

Phase 

L i q u i d  

Phase 

t o  TWO- 

t o  TWO- 

L i q u i d  

Gaseous 

L iqu id  

Phase 
t o  TWO- 

L i q u i d  

Phase 

Gaseous 

t o  TWO- 

Remarks 

High i n t e n s i t y  camera 
l i g h t s  on f u l l  r u n .  

High i n t e n s i t y  camera 
l i g h t s  on f u l l  r u n .  

High i n t e n s i t y  camera 
l i g h t s  on f u l l  r u n .  
Capsule  p r e s s u r e  r a i s e d  
t o  1 . 9  p s i a .  

Low i n t e n s i t y  camera 
l i g h t s  - a f t e r  d a t a  
p o i n t s  o n l y .  Capsule 
p r e s s u r e  r a i s e d  t o  
1 .0  p s i a .  

Low i n t e n s i t y  camera 
l i g h t s .  Purpose t o  
a c q u i r e  d a t a  p o i n t s  
o n l y .  

Same as 143.05. 

Same as 143.05. 

Same as 143.05. 

I n d i v i d u a l  d u c t s  
flowed - no cameras, 
no d u c t  i n t e r n a l  t e m -  
p e r a t u r e s  r e c o r d e d .  

Low i n t e n s i t y  camera 
l i g h t s .  Purpose t o  
a c q u i r e  d a t a  p o i n t s  
o n l y .  

Lox s i d e  flowed - 
f u e l  s i d e  p r e c h i l l e d .  

I n d i v i d u a l  d u c t s  flowed - 
no cameras, i n t e r n a l  duc t  
t e m p e r a t u r e s .  

11 -5  
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F i g u r e  11-3 .  G D / C  I n s u l a t e d  Discharge  Vent Tube FE 52826 
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FE 52827 F i g u r e  1 1 - 4 .  I n t e r s t a g e  Valve Vent Tube w i t h  
Tef  l o n - F i l l e d  I n t e r i o r  I n s u l a t i o n  
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F i g u r e  1 1 - 5 .  Engine FX-145 w i t h  R a d i a t i o n  S h i e l d e d  FE 52824 
Vent Tu be  s 

11-8  
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SECTION I11 
ANALYSIS OF RESULTS 

The pho tograph ic  t e s t  d a t a  showed t h e  s o l i d  hydrogen forming and adhe r -  

i n g  t o  t h e  t u b e  w a l l s  t o  some e x t e n t  on a l l  r u n s  w i t h  l i q u i d  o r  two-phase 

hydrogen a t  t h e  pump i n l e t .  The s o l i d  hydrogen was c o n t i n u o u s l y  forming 

and b r e a k i n g  away. However, on ly  on t h e  t e s t s  w i t h  t h e  s t a n d a r d  foam 

i n s u l a t i o n  was t h e  h e a t  i n p u t  t o  t h e  t u b e s  a p p a r e n t l y  low enough t o  o b s e r v e  

a n  a d v e r s e  s o l i d  b u i l d u p .  The most adve r se  c o n d i t i o n  photographed showed 

t h e  t u b e  e x i t  area up  t o  80% blocked ( f i g u r e  111-1) b e f o r e  b reak ing  away. 

T h i s  o c c u r r e d  w i t h  t h e  foam i n s u l a t e d  i n t e r s t a g e  v e n t  t u b e  a t  a f u e l  pump 

i n l e t  p r e s s u r e  o f  15 p s i a .  

The major d i f f i c u l t y  i n  a t t a i n i n g  space  c o n d i t i o n s  w a s  t h e  i n d i c a t e d  

h i g h  h e a t  i n p u t  t o  t h e  v e n t  t u b e s  from e x t e r n a l  s o u r c e s  a s s o c i a t e d  w i t h  

t h e  t e s t s .  The s k i n  t empera tu re  measurements w e r e  o b t a i n e d  from Rosemont 

s k i n  t e m p e r a t u r e  p robes  and thermocouples l o c a t e d  a t  t h e  tube  d i s c h a r g e .  

The p r e r u n  d e t e r m i n a t i o n  o f  t h e  heat i n p u t  from f r e e  c o n v e c t i o n  and 

r a d i a t i o n  w i t h i n  t h e  t e s t  c e l l  showed i t  t o  be s m a l l  enough ( approx ima te ly  

0 . 1  B t u / s e c )  t o  conduct  t h e  t e s t  w i t h  o n l y  nominal r a d i a t i o n  s h i e l d i n g  and 

no i n s u l a t i o n .  However, a f t e r  t h e  f i r s t  two r u n s  i t  w a s  a p p a r e n t  t h a t  t h e  

h e a t  i n p u t  t o  t h e  t u b e s  w a s  much h i g h e r  t h a n  p r e d i c t e d  (approximately 

0 . 8  B t u / s e c ) .  

f low ra tes ,  t h e  b u l k  t e m p e r a t u r e s ,  and t h e  Rosemont s k i n  t empera tu re  p r o b e s  

d a t a  shown i n  f i g u r e  111-2. 
u r e  111-3 r e f l e c t  t h e  changes i n  t h e  pump i n l e t  p r e s s u r e  and t h e  back p r e s -  

s u r e .  Even u s i n g  t h e  a c t u a l  environmental  d a t a  o b t a i n e d ,  t h e  c a l c u l a t e d  

h e a t  i n p u t  from t h e  f r e e  c o n v e c t i o n  and the r a d i a t i o n  w a s  s t i l l  t o o  low. 

T h i s  f a c t ,  and t h e  a p p r e c i a b l e  tu rbu lence  and v e l o c i t i e s  a p p a r e n t  i n  t h e  

pho tographs  i n d i c a t e  t h a t  t h e  assumption o f  f r e e  c o n v e c t i o n  w a s  i n v a l i d .  

C u r s o r y  i n v e s t i g a t i o n s  i n t o  t h i s  a r e a  where t h e  f o r c e d  and f r e e  c o n v e c t i o n  

modes are  bo th  s i g n i f i c a n t  d i d  n o t  y i e l d  any  b e t t e r  r e s u l t s .  

The a c t u a l  h e a t  f l u x e s  were c a l c u l a t e d  u s i n g  t h e  measured 

The changes i n  s l o p e  o f  the t empera tu re  ir? f i g -  

111-1 
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F i g u r e  111-1. I n t e r s t a g e  Valve Vent Tube Showing FE 52964F 
80% Blockage a t  a F u e l  Pump I n l e t  

111-2 
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F i g u r e  111-3. I n t e r s t a g e  Valve Vent Tube P r e s s u r e  DF 42298 
and Temperature vs A x i a l  Length 
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To reduce  t h i s  h e a t  i n p u t ,  some t e s t s  were conducted  w i t h  f i l m  c o o l i n g  

on t h e  o u t s i d e  o f  t h e  t u b e  by d r i l l i n g  small h o l e s  a t  t h e  e n t r a n c e  t o  t h e  

t u b e .  

no ted  i n  t h e  h e a t  i n p u t ;  however,  when t h e  h o l e s  i n  each  tube  were e n l a r g e d  

t o  0 .140-inch d i ame te r  t h e  h e a t  input  dropped apprec iah l>T,  2s eaz Lt: noted 
i-il i a b i e  L L L - 1 .  The photographs  a l so  showed t h a t  t h e  0 .140- inch  h o l e s  were 

open,  s i n c e  t h e  f low cou ld  be seen  d i s c h a r g i n g  around t h e  t u b e .  However, 

t h e  amount o f  s o l i d  hydrogen formed w a s  no t  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  

on t h e  runs  wi thou t  b l e e d  f low.  

With f o u r  e q u a l l y  spaced 0.070-inch d i ame te r  h o l e s ,  no change was 

The s t a n d a r d  t u b e ,  w i t h  t h e  foam i n s u l a t i o n ,  was t e s t e d  and a l t h o u g h  

t empera tu re  d a t a  were n o t  r eco rded ,  t h e  l a r g e  q u a n t i t i e s  o f  s o l i d  hydrogen 

formed a t  t h e  v i c i n i t y  of  t h e  t r i p l e  p o i n t  p r e s s u r e  i n d i c a t e d  t h a t  t h e  

h e a t  i n p u t  must have been low. 

It should  be no ted  t h a t  up t o  run No. 143.03,  t h e  camera l i g h t s  were on 

d u r i n g  t h e  e n t i r e  r u n  a t  h i g h  i n t e n s i t y  (approximate ly  600 w a t t s ) .  S ince  

t h i s  w a s  cons ide red  t o  be  a p o s s i b l e  c o n t r i b u t o r  t o  t h e  h e a t  l e a k ,  a l l  o f  

t h e  subsequent  r u n s  were made w i t h  the  l i g h t  i n t e n s i t y  reduced and used 

o n l y  d u r i n g  t h e  a c t u a l  camera o p e r a t i o n .  

t h a t  t h e  measured h e a t  i n p u t  w a s  reduced t o  t h e  i n t e r s t a g e  v a l v e  ven t  t u b e ;  

however no change i n  the amount of s o l i d  hydrogen formed w a s  no ted .  

From t a b l e  111-1, i t  can  be seen  

The m a j o r i t y  o f  a l l  t e s t i n g  done w a s  accomplished a t  envi ronmenta l  

p r e s s u r e s  o f  approximate ly  0.4 p s i a .  

when t h e  envi ronmenta l  p r e s s u r e  w a s  i n t e n t i o n a l l y  r a i s e d  above 1 . 0  ?s i” .  

The v e n t  t u b e s  were choked except  

The amount of  h e a t  needed t o  prevent  t h e  s o l i d  hydrogen f rom forming 

on t h e  t u b e  wal ls  i s  e s t i m a t e d  t o  be above 1.0 B t u / s e c ,  which i s  approx i -  

ma te ly  t h e  h i g h e s t  h e a t  i n p u t  a t  which s o l i d  w a s  obse rved .  The breakdown 

o f  t h e  e s t i m a t e d  a v a i l a b l e  h e a t  sources  i n  space i s  p r e s e n t e d  i n  t a b l e  111-2 .  

It  i s  obvious  t h a t  t h e r e  i s  not  s u f f i c i e n t  h e a t  from r a d i a t i o n  t o  p r e v e n t  

t h e  s o l i d  from forming.  

111- 5 
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Run4 

143 .01  

143.02 

143 .03  

143.04 

143.05 

143.06 

143.07 

143.08 

143 .10  

Tab le  111-1. Heat T r a n s f e r  Summary 
Engine FX- 145- 14 

Tube Heat I n p u t ,  B t u / s e J y 2  Type o f  Bleed Camera 
Discha rge  I n t e r s t a g e  
V d Z v e  venE valve Vent 

Tube Tube 

.~ T I  

I n s t r u m e n t a t i o n  Problems 

0 .941  0.857 

0.788 0.837 

0.793 0.473 

0 .  0423 0 .  O n 3  

0.2217 07 

Sk in  Temperature Data 
NAV 

Skin Temperature Data 
NAV 

Skin Temperature Data 
NAV 

I Values  quo ted  are a t  a f u e l  pump 

I n s u l a t i o n  Flow T.ights 
Configura-  

t i o n  

R a d i a t i o n  Open High i n t e n s i t y ,  
S h i e l d  e n t i r e  r u n  

R a d i a t i o n  
S h i e l d  

R a d i a t i o n  
Sh ie  I d  

R a d i a t i o n  
S h i e l d  

R a d i a t i o n  
S h i e l d  

R a d i a t i o n  
S h i e l d  

Foam 

Foam 

ope  n5 High i n t e n s i t y ,  

Blocked5 High i n t e n s i t y ,  

Blocked5 Low i n t e n s i t y ,  

e n t i r e  run  

e n t i r e  run  

s h o r t  b u r s t s  

Open LOW i n t e n s i t y ,  

Open 6 LOW i n t e n s i t y ,  

s h o r t  b u r s t s  

s h o r t  b u r s t s  

No ne Low i n t e n s i t y ,  
s h o r t  b u r s t s  

None Low i n t e n s i t y ,  
s h o r t  b u r s t s  

T e f l o n  None Low i n t e n s i t y ,  
s h o r t  b u r s t s  

i n l e t  p r e s s u r e  o f  20 p s i a  and a c a p s u l e  
p r e s s u r e  o f  0 .4  p s i a ,  u n l e s s  o t h e r w i s e  s p e c i f i e d .  

Based on o u t e r  s k i n  t e m p e r a t u r e s  o b t a i n e d  w i t h  t h e  Rosemont s k i n  tempera-  
t u r e  p r o b e s .  

Va lues  quo ted  a t  a f u e l  pump i n l e t  p r e s s u r e  o f  16 p s i a .  

Runs 143.09 and 143.12 were g a s  flow tes t s ,  run  143 .11  w a s  a n  o x i d i z e r  
t e s t ,  and  a r e  n o t  p r e s e n t e d .  

Four e q u a l l y  spaced 0 .070- in .  d i ame te r  h o l e s .  
5 

Three  0 .140- in .  d i ame te r  h o l e s .  
6 

7Assumes bulk t e m p e r a t u r e  o f  27"R. 

2 

3 

4 
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Tab le  i i i - 2 .  Es t ima ted  P o s s i b l e  R a d i a t i o n  Sources  f o r  One Tube 

Heat I n p u t ,  B tu / sec  Source 

Sun 0 .033  

T h r u s t  Chamber and Nozzle 

Ox id ize r  Tank 0 .25  x 

1 . 2 8  x l o e 6  

The e f f e c t  o f  s u r f a c e  smoothness on t h e  a b i l i t y  o f  t h e  s o l i d  hydrogen 

t o  a d h e r e  t o  t h e  t ube  w a l l  w a s  a l s o  i n v e s t i g a t e d .  On r u n  No. 143.10, t h e  

i n s i d e  t u b e  w a l l  w a s  c o a t e d  w i t h  Te f lon ;  t h e  s o l i d  hydrogen s t i l l  adhered 

t o  t h e  t u b e  w a l l .  

Runs were made w i t h  f u e l  pump i n l e t  p r e s s u r e s  r e g u l a t e d  between 30 and 

5 p s i a .  T h i s  r e s u l t e d  i n  i n l e t  c o n d i t i o n s  v a r y i n g  from l i q u i d  t o  two-phase 

f low.  The d i s c h a r g e  v a l v e  and i n t e r s t a g e  v a l v e  v e n t  t u b e  e x i t  p r e s s u r e s  

v a r i e d  from 1 .8  t o  0 . 2  p s i a  w i t h  v a r y i n g  i n l e t  p r e s s u r e s  as shown i n  f i g -  

u r e  111-4.  

The t u b e  p r e s s u r e  p r o f i l e  i s  a l t e r e d  below 20 p s i a ,  e s p e c i a l l y  on t h e  

i n t e r s t a g e  v a l v e  t u b e .  V i s u a l  o b s e r v a t i o n  o f  t h e  motion p i c t u r e  showed 

t h a t  a t  a f u e l  pump i n l e t  p r e s s u r e  of 30 p s i a  t h e r e  w a s  no bu i ldup  o f  snow 

i n  t h e  t u b e s ,  a t  20 p s i a  t h e r e  w a s  small i n t e r m i t t e n t  snow bu i ldup  and 

b r e a k o f f  a t  t h e  d i s c h a r g e  end o f  t h e  v e n t  t u b e s ,  and a t  i n l e t  p r e s s u r e s  

below 10 p s i a  t h e  snow bu i ldup  appeared t o  be forming up i n s i d e  t h e  

t u b e .  

On a l l  r u n s  up t o  No. 143.06,  t h e r e  were d i f f e r e n t i a l  p r e s s u r e s  measured 

between t h e  t u b e  i n l e t s  and e x i t  p l a n e s .  From t h e s e  d a t a  i t  w a s  seen t h a t  

as f u e l  pump i n l e t  pressures  dropped below 20 p s i a ,  t h e  d i f f e r e n t i a l  p r e s -  

s u r e s  i n d i c a t e d  i n t e r m i t t e n t  snow bui ldup and c l e a r i n g  o f  t h e  t u b e s .  On 

r u n  No. 143.05 a b u i l d u p  w a s  no ted  when t h e  f u e l  pump i n l e t  p ressure  

dropped t o  15-16 p s i a .  T h i s  e f f e c t  i s  shown by t h e  t u b e  i n l e t  and e x i t  

p r e s s u r e s  and by t h e  d i f f e r e n t i a l  p r e s s u r e  d a t a  shown i n  f i g u r e  111-5. 

1 1 1 - 7  
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' v i sua l  o b s e r v a t i o n  o f  t h e  motion p i c t u r e s  i n d i c a t e d  t h a t  t h e  i n t e r -  

s t a g e  v e n t  t u b e  appeared  t o  have a g r e a t e r  bu i ldup  o f  snow a t  t h e  e x i t  

t h a n  t h e  d i s c h a r g e  v a l v e  v e n t  t u b e .  Because t h e  d i s c h a r g e  v a l v e  v e n t  f low 

rate  i s  lower than  i n t e r s t a g e  v a l v e  ven t  f low r a t e ,  t h e  t u b e  w a l l  tempera- 

t u r e s  cou ld  be h i g h e r ;  t h u s ,  reducing  t h e  tendency f o r  t h e  snow t o  a t t a c h  
t" ?bLC t . . L -  ---1 .I - 

LuVc W a ~ ~ ~ .  Ii i s  a l s o  p o s s i b l e  t h a t  t h e  snow may b u i l d  up n e a r e r  

t h e  t u b e  e n t r a n c e  and cou ld  n o t  be seen  i n  t h e  motion p i c t u r e s .  

On r u n  No. 143.03 and No. 143.04, t h e  ven t  t u b e  back p r e s s u r e  w a s  

r a i s e d  by f lowing  ambient  hydrogen gzs i n t =  Che c a n ,  t o  a l l o w  v e r i f i c a t i o n  

t h a t  t h e  t u b e  e x i t s  were choked. Ana lys i s  o f  211 data  =here the  back p r e s -  

s u r e  w a s  no t  r a i s e d  i n d i c a t e d  t h a t  t he  t u b e s  were choked. These d a t a  i n d i -  

cate  t h a t  t h e  d i s c h a r g e  v a l v e  v e n t  unchoked a t  a back p r e s s u r e  o f  approx i -  

ma te ly  1 . 0  p s i a ,  and i n t e r s t a g e  va lve  ven t  t u b e  d i d  no t  unchoke. 

Reducing t h e  h e a t  l e a k  by e x t e r i o r  c o o l i n g  f low caused  more e r r a t i c  

changes  i n  e x i t  p r e s s u r e ,  i n d i c a t i n g  more tendency f o r  snow bu i ldup .  
r u n  No. 143 .07 ,  w i t h  t h e  s t a n d a r d  i n s u l a t e d  GD/C v e n t  t u b e s ,  t h e  snow bui ldup  

e f f e c t  was s i g n i f i c a n t l y  i n c r e a s e d .  

On 

On r u n  No. 143.06,  t h e  f u e l  pump i n l e t  p r e s s u r e  w a s  reduced  t o  10 p s i a ,  

which r e s u l t e d  i n  s e v e r a l  f l ow i n t e r r u p t i o n s  accompanied by a d e c r e a s e  o f  

t h e  i n l e t  p r e s s u r e  t o  5 p s i a .  It i s  s u s p e c t e d  t h a t  t h e s e  i n t e r r u p t i o n s  

were caused  by gas  bubbles  formed upstream o f  t h e  e n g i n e  f u e l  pump i n l e t .  

I n  subsequent  r u n s ,  a h i g h e r  f u e l  pump i n l e t  p r e s s u r e  w a s  u t i l i z e d ,  and 

t h e  s t a n d  dump l i n e s  were opened t o  i n c r e a s e  t h e  f low rate i n  t h e  l i n e s .  

Kun No. 143.10 w a s  conducted w i t h  t h e  i n t e r s t a g e  v e n t  t u b e  i n t e r n a l l y  

c o a t e d  w i t h  T e f l o n - f i l l e d  Kel-F.  No s i g n i f i c a n t  r e d u c t i o n  i n  snow bu i ldup  

w a s  obse rved  due t o  t h e  smooth i n t e r i o r  s u r f a c e  o r  any i n s u l a t i n g  v a l u e s  

o f  t h e  T e f l o n .  

Tempera ture  d i f f e r e n t i a l s  between t h e  immersion (bulk)  p robes  and t h e  

s k i n  p r o b e s  i n d i c a t e d  a s i g n i f i c a n t  h e a t  l e a k  i n t o  t h e  t u b e s .  Several 

changes  were made t o  v e r i f y  t h i s  h e a t  l e a k .  
p l a c e d  between t h e  wrapped i n s u l a t i o n  and t h e  tube .  T h i s  probe  r e a d  ove r -  

scale ,  e x c e p t  when f low w a s  pas sed  between t h e  i n s u l a t i o n  and  t h e  t u b e .  

Thermocouples  n e a r  t h e  tube  e x i t s  i n d i c a t e d  80 t o  L O O O R ,  even  when t h e  t u b e  

e x t e r n a l  f low showed snow fo rma t ion .  The i n i t i a l  thermocouple  i n s t a l l a t i o n  

A t empera tu re  probe  was 
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was made by mounting the  wires en a p iece  o f  shim s t o c k  and g l u i n g  t h i s  

t o  t h e  tube  w i t h  epoxy g l u e .  On l a t t e r  r u n s ,  h o l e s  were d r i l l e d  i n  t h e  

tube  and t h e  thermocouple wires imbedded i n  t h e  h o l e s  and t h e n  g lued  down 

w i t h  aluminum powder impregnated epoxy. 

p e r a t u r e  r e a d o u t  w a s  o b t a i n e d  by t h i s  m o d i f i c a t i o n .  

No s i g n i f i c a n t  change i n  t e m -  

During t h e  1st th rough  t h e  3 r d  r u n s ,  h i g h  i n t e n s i t y  camera l i g h t s  w e r e  

u t i l i z e d  th roughou t  the r u n s .  These l i g h t s  were c a u s i n g  an unnecessa ry  

h e a t  l o a d  on t h e  t u b e s .  From t h e  4 th  r u n  t o  t h e  end o f  t h e  program, t h e  

camera l i g h t  i n t e n s i t y  w a s  r educed  by 50%; the l i g h t s  were o n l y  t u r n e d  on 

when the motion p i c t u r e s  were be ing  t a k e n .  

h e a t  l e a k .  

T h i s  r e s u l t e d  i n  a reduced 

It w a s  no ted  t h a t  t h e  bu lk  t empera tu res  v a r i e d  as t h e  p r e s s u r e  l e v e l  

was d e c r e a s e d .  The measured t empera tu re  n e a r  t h e  t u b e  e x i t  r e a d  a n  i n -  

c r e a s i n g  d i f f e r e n t i a l  above t h e  s a t u r a t i o n  t e m p e r a t u r e .  A c a l c u l a t i o n  o f  

t h e  Mach number, assuming gaseous  flow and Mach 1 . 0  a t  t h e  t u b e  e x i t  and 

u s i n g  b o t h  t h e  Fanno and Ra le igh  r e l a t i o n s h i p ,  i n d i c a t e s  v e l o c i t i e s  above 

Mach 0 . 9 .  The t o t a l  t empera tu re  was t h e n  c a l c u l a t e d  assuming t h e  s t a t i c  

t e m p e r a t u r e  t o  be t h e  s a t u r a t i o n  t empera tu re .  When t h e  measured t empera -  

t u r e  w a s  compared t o  the c a l c u l a t e d  t o t a l  t e m p e r a t u r e ,  i t  w a s  found tha t  

t h e  two t e m p e r a t u r e s  approached a s  the p r e s s u r e  d e c r e a s e d ,  b u t  neve r  ag reed .  

The f o l l o w i n g  t h e o r y  t e n d s  t o  e x p l a i n  t h i s  c h a r a c t e r i s t i c .  The f low i s  two- 

phase and  some o f  t h e  l i q u i d  o r  s o l i d s  w i l l  p robab ly  c o l l e c t  on t h e  down- 

stream s i d e  o f  t h e  p robe ,  which resul ts  i n  a gas  s t a g n a t i o n  t e m p e r a t u r e  

on t h e  f r o n t  o f  t h e  t e m p e r a t u r e  e lement .  A l i q u i d  s a t u r a t i o n  t e m p e r a t u r e  

q u a l i t y  i n c r e a s e  a l l o w s  less l i q u i d s  o r  s o l i d s  t o  c o l l e c t  on the  p robe ,  

t h u s  p e r m i t t i n g  t h e  p robe  r eadou t  t o  approach t h e  gaseous t o t a l  tempera- 

t u r e .  

The e f f e c t i v e  areas f o r  l o x  bleeddown f lows w a s  determined by a l o x  

f low t e s t  d u r i n g  r u n  No. 143.11. An o r i f i c e  n e a r  t h e  l o x  pump i n l e t  

w a s  u s e d  t o  keep the meter f low l i q u i d  when t h e  i n l e t  w a s  two-phase and 

a measured f low w a s  p a s s e d  ou t  t h e  s t and  dump l i n e  t o  keep a h i g h  meter 

f l o w  r a t e .  
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It i s  p o s s i b l e  t h a t  s o l i d  hydrogen impingement may c a u s e  damage t o  

the Surveyor s p a c e c r a f t .  

o f  a r e p r e s e n t a t i v e  fragment o f  s o l i d  hydrogen was de te rmined  t h u s  a l l o w i n g  

t h e  momentum t o  be c a l c u l a t e d .  To d e f i n e  a l i m i t ,  t h e  momentum w a s  a l s o  

c a l c u l a t e d  f o r  a h y p o t h e t i c a l  c a s e  when t h e  s o l i d  hydrogen comple t e ly  

b l o c k s  t h e  t u b e  e x i t  t o  a dep th  o f  0 .5  i n c h  and i s  t h e n  e j e c t e d  i n  one 

p i e c e .  The volume o f  t h e  fragment was determined t o  be 0.095 i n . 3  and 

t h e  v e l o c i t y  w a s  146.7 f t / s e c ,  producing a momentum o f  0 .039 l b m - f t / s e c .  

From the pho tograph ic  d a t a  t h e  s i z e  and v e l o c i t y  
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SECTION I V  
CONCLUSIONS AND RECOMMENDATIONS 

A.  CONCLUSIONS 

The s o l i d  hydrogen a d h e r e s  t o  the  v e n t  t ube  w a l l s  and c o u l d  p o s s i b l y  

b l o c k  t h e  t u b e s  comple t e ly  u n l e s s  the p r o c e s s  i s  s e l f - c o m p e n s a t i n g ;  i . e . ,  

e i t h e r  by l i m i t i n g  t h e  s o l i d  fo rma t ion  o r  by f o r c i n g  t h e  s o l i d  hydrogen 

from t h e  t u b e  by t h e  r e s u l t a n t  p ressure  d rop .  

blockage w i l l  a f f e c t  t h e  f low and t h r u s t  charac te r i s t ics .  The maximum 
obse rved  blockage w a s  approx ima te ly  80% w i t h  t h e  foam i n s u l a t e d  v e n t  t u b e .  

It shou ld  a l s o  be n o t e d  that  t h e  d i s c h a r g e  v a l v e  v e n t  t ube  had c o n s i s t e n t l y  

less s o l i d  f o r m a t i o n ,  even though l o w e r  p r e s s u r e s  e x i s t  i n  t h i s  t u b e .  

However, even p a r t i a l  

The t e s t s  reproduced space  c o n d i t i o n s  e x c e p t  f o r  t h e  i n d i c a t e d  h i g h  

h e a t  i n p u t  o f  approx ima te ly  0.8 B t u / s e c  d u r i n g  some o f  t h e  e a r l i e r  r u n s .  

With t h e  p r e s e n t  mi s s ion  and c o n f i g u r a t i o n  i n  space, t h e r e  i s  not  

s u f f i c i e n t  h e a t  i n p u t  t o  t h e  t u b e s  from r a d i a t i o n  t o  p r e v e n t  t h e  s o l i d i f i c a -  

t i o n  o f  t h e  hydrogen on t h e  tube  w a l l s .  The re  i s  approx ima te ly  0.03 B t u / s e c  

a v a i l a b l e  t o  t h e  t u b e ,  wh i l e  t h e  e s t i m a t e d  r e q u i r e d  amount i s  above 

1 .0  B t u / s e c ,  which i s  approx ima te ly  the h i g h e s t  h e a t  i n p u t  a t  which t h e  

s o l i d  w a s  s t i l l  obse rved .  A more complete summary o f  t h e  a v a i l a b l e  h e a t  

s o u r c e s  i s  g i v e n  i n  t a b l e  111-2.  Te f lon  c o a t i n g  t h e  i n s i d e  o f  t h e  d i s -  

cha rge  v a l v e  v e n t  t u b e  had no n o t i c e a b l e  e f f e c t  on t h e  a b i l i t y  o f  t h e  s o l i d  

hydrogen t o  adhe re  t o  t h e  tube  w a l l s .  

M o d i f i c a t i o n s  t o  e i t h e r  t h e  v e h i c l e  o r  eng ine  shou ld  be d e s i g n e d  and 

t e s t e d  t h a t  w i l l  p r e v e n t  t h e  formation o f  s o l i d  hydrogen o r  c a u s e  t h e  

f o r m a t i o n  t o  have a n e g l i g i b l e  a f f e c t  on t h e  Centaur  Retromaneuver.  These 

m o d i f i c a t i o n s  shou ld  i n c l u d e  t h e  fo l lowing  i tems. 

1. O r i f i c e  a t  E x i t  o f  Vent Tube 

An o r i f i c e  cou ld  be i n c o r p o r a t e d  a t  t h e  e x i t  p l a n e  o f  each  v e n t  t u b e  

t h a t  would ra ise  the  p r e s s u r e  throughout  t h e  v e n t  t u b e  above t h e  t r i p l e  

l i n e  p r e s s u r e  o f  1 . 0  p s i a .  F i g u r e s  I V - 1  and IV-2 p r e s e n t  t h e  e s t i m a t e d  

e f f e c t  on v e n t  t u b e  p r e s s u r e  o f  the o r i f i c e  s i z e  and t h e  pump i n l e t  

p r e s s u r e .  Although i t  a p p e a r s  t h a t  t h e s e  c u r v e s  do no t  a g r e e  w i t h  t h e  

I V - 1  
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obse rved  s o l i d  b u i l d u p ,  it should be n o t e d  t h a t  t h e  s o l i d  fo rma t ions  ob- 

s e r v e d  i n  t h e  pho tograph ic  d a t a  occur red  a t  t h e  t u b e  e x i t  p l a n e  and n o t  

a t  t h e  upstream p l a n e  where the last  p r e s s u r e  t a p s  w e r e  l o c a t e d .  A l s o ,  

t h e  c u r v e s  r e p r e s e n t  a s t e a d y - s t a t e  c o n d i t i o n ,  whereas t h e  photographs 

showed t h e  s o l i d  hydrogen c o n t i n u a l l y  b u i l d i n g  up and b r e a k i n g  away; t h u s  

making i t  d i f f i c u l t  t o  re la te  t o  t h e  r e c o r d e d  p r e s s u r e  d a t a ,  Impor t an t  

t o  t h e  assumption t h a t  t h e  s o l i d  hydrogen w i l l  a c t  as  an o r i f i c e  i s  t h e  

knowledge o f  how t h e  s o l i d  hydrogen forms, and t h e n  i t s  subsequent  b e h a v i o r  

a f t e r  t h e  p r e s s u r e  h a s  i n c r e a s e d  above t h e  t r i p l e  l i n e  p r e s s u r e .  For 

example, i f  t h e  two-phase f low expands p a s t  t h e  s o l i d  hydrogen o r i f i c e  and 

s o l i d i f i e s  much more r a p i d l y  t h a n  the m e l t i n g  o f  t h e  s o l i d  hydrogen due 

t o  t h e  i n c r e a s e d  p r e s s u r e ,  i t  might p r e c i p i t a t e  an a d v e r s e  b lock ing  

c o n d i t i o n .  

2 .  Helium Purge 

R e s i d u a l  he l ium on board the  v e h i c l e  cou ld  be used t o  purge bo th  v e n t  

t u b e s  d u r i n g  t h e  r e t romaneuver .  

a boundary l a y e r  on t h e  i n t e r i o r  s u r f a c e  o f  t h e  t u b e  t h a t  would p r e v e n t  t h e  

s o l i d  hydrogen from a d h e r i n g  t o  the w a l l ,  and would a l s o  p r o v i d e  a sc rubb ing  

a c t i o n  t o  b reak  o f f  fo rma t ions .  

This  would p r o v i d e  both a h e a t  s o u r c e  and 

3 .  I n c r e a s e d  Tube Wall Temperature  

Heat cou ld  be added t o  t h e  t u b e  w a l l  t h rough  u s e  of  h e a t e r  s t r i p s  o r  

a h e a t e r  b l a n k e t  t h a t  would i n c r e a s e  the w a l l  t e m p e r a t u r e  h i g h  enough t o  

p r e c l u d e  t h e  p o s s i b i l i t y  o f  s o l i d  hydrogen fo rma t ion .  

t h a t  t h i s  would r e q u i r e  a minimum power o f  1 kw f o r  e a c h  eng ine .  

It i s  e s t i m a t e d  

4 .  I n c r e a s e d  Diameter Vent Tube 

The d i ame te r  sf t h e  ven t  t ube  cocld be i n c r e a s e d  s o  t ha t  t h e  s o l i d  

hydrogen would n o t  be a b l e  t o  w i t h s t a n d  t h e  bending stresses caused by 

hydrogen stream v e l o c i t y  as i t  accumulated on t h e  t u b e  w a l l .  However, 

t h e  exact geometry o f  t h e  s o l i d  bui ldup and t h e  s t r e n g t h  d a t a  o f  s o l i d  

hydrogen are not  known. 
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F i g u r e  IV-2 .  Es t ima ted  Vent Tube P r e s s u r e  as a F u n c t i o n  o f  DF 42302 
F u e l  Pump I n l e t  P r e s s u r e  and I n t e r s t a g e  Valve 
Vent Area 
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